Self-assembled photonic-plasmonic nanotweezers for directed self-assembly of hybrid nanostructures We demonstrate a technique for assembling photonic-plasmonic nanotweezers by optically driving the adsorption of multi-walled carbon nanotubes onto a silicon waveguide. The nanotweezers are then used to trap and release individual polystyrene beads. Additionally, we demonstrate the ability to localize the deposition of metallic nanoparticles to the intersection points between multiple carbon nanotubes with the goal of forming more complex hybrid nanostructures. The ability to confine and manipulate micron scale particles with light was first demonstrated by Ashkin et al. 1 in 1986 with the invention of optical tweezers. Optical gradient force based techniques have since enabled many pivotal advances throughout physics 2 and biology. 3, 4 Due to a wellknown R 3 dependence of the optical power required, 1 however, it is a significant technical challenge to trap particles smaller than 100 nm with free-space optics. In the effort to trap smaller particles, several alternative nanotweezers paradigms have been recently developed. One method, pioneered by Kawata and Sugiura 5 in 1992, relies on the electric field gradient created within the exponentially decaying evanescent field generated by total internal reflection. By spatially confining light in a photonic resonator, this optical gradient can be greatly amplified, allowing for stable trapping of particles on the order of 10 nm. Evanescent field optical trapping has been demonstrated with many types of photonic structures, including 1D photonic crystals, 6 2D photonic crystals, 7 ring resonators, 8 and slot waveguides. 9 In addition to near-field photonic traps, there has also been significant research into plasmonic optical trapping schemes. Plasmons which arise from the quantization of plasma oscillations in metallic materials, allow subwavelength confinement of light and can also transcend the limitations of diffraction-limited optics. Plasmonic traps have been demonstrated by coupling light via prism into patterned arrays of metallic nanostructures, such as gold nano-pillars 10 and bowtie antennas. 11 While there are many advantages to using plasmonic excitation over a focused Gaussian beam, there are also some notable drawbacks to this approach. By dynamically adjusting the beam profile, free-space optical tweezers can offer both confinement and real-time 3D manipulation of particles-by contrast, a prepatterned array of plasmonic traps offers sub-wavelength spatial confinement and inherent parallelization, but with a significant loss of dynamic control over the particles in each individual trap.
One way to address the comparative lack of control of near-field optical trapping is to combine the strengths of several techniques into a unified platform. We demonstrate a hybrid photonic-plasmonic trap, where near-field light from a photonic waveguiding structure is coupled directly into a plasmonic resonance of carbon nanotube (CNT). The optical gradient force from the evanescent field is used to trap the plasmonic nanoparticle from solution, which then orients and self-assembles on the waveguide. A schematic of the hybrid trap and a demonstration of the assembly process is shown in Fig. 1 . The coupling of the evanescent field to the plasmon resonance leads to a strong enhancement of both the electric field intensity and gradient near the nanoparticle surface, 12 and offers a convenient way to deliver light to a single nanoparticle on-chip with a high degree of precision. Moreover, the ability to vary the material properties, dimensions, and number of the nanoparticles used on the same chip offers a degree of customization which is not possible with pre-patterned arrays or nanofabricated structures.
Because conventional plasmonic particles, such as gold and silver nanospheres, typically have plasmonic resonances in the optical frequency range, they are not well-suited for integration with silicon waveguides. Instead, we chose to use multi-wall carbon nanotubes (MWCNT) as the selfassembled resonators due to a host of unique optical and material properties. Depending on the configuration of carbon atoms, the band structure of CNTs can be either semiconducting or metallic. 13 In previous characterization studies, metallic CNTs have been found to display strong lowfrequency plasmonic resonances with peaks near 1550 nm, 14 making them particularly suitable for this trap design. CNTs are also attractive for self-assembly due to their mechanical properties. CNTs are highly hydrophobic, 13 and hydrophobic dispersion forces will drive the nanotube to adsorb to the silicon waveguide. Because of this strong interaction, the assembled trap is robust to high flow speeds and flow switching, even in the absence of laser power.
Although multi-walled carbon nanotubes are rolled concentric shells of graphene, their optical properties are substantially different from both bulk graphite and graphene due to the unique low-dimensional geometry. For a heterogeneous solution of MWCNTs with many different numbers of shells, the frequency-dependent dielectric function is difficult to predict from first principles. To understand the expected optical properties of the CNT trap, we first consider the interaction between a single-wall carbon nanotube (SWCNT) and a silicon waveguide. Although SWCNTs can be either semiconducting or metallic, the field enhancement of the CNT trap relies on plasmon resonance effects which will only be present for the metallic type. Plasmons are a quantized oscillation of the free electron density in a material, and are thus highly dependent on the electron geometry and band structure. Unlike noble metals which exhibit visible-frequency peaks (corresponding to the resonance of a 3D electron gas), metallic SWCNTs are predicted to display unique plasmons in the near-IR due to collective oscillations of a 1D electron gas. 14 These predicted resonance peaks are confirmed by experimental characterization of grown SWCNT films, which exhibit a strong extinction peak at energies below 1 eV. 15 Finite difference time domain (FDTD) simulations of a representative SWCNT on silicon were performed to predict the distribution of electric field strength for this resonance effect ( Fig.  2(a) ). For the simulated nanotube, the gradient of the electric field intensity is amplified within the evanescent field near the ends of the carbon nanotube, resulting in a greatly enhanced attractive optical force over the bare silicon waveguide near both these points. The frequency of the resonance peak is a function of the SWCNT geometry and can vary from around 0.6 eV to 1 eV. 14 The properties of MWCNTs are far more complicated, and the dielectric function will not, in general, have a single resonance peak in the near-IR. For a first-order approximation, we neglect the inter-shell interaction potentials and regard a MWCNT as a composite of concentric SWCNT shells which each display an independent plasmon resonance.
14 For a thick MWCNT with many layers, therefore, most of the shells will not be plasmonically resonant at any given wavelength. Those layers which are resonant, however, will dominate the optical response, and the majority of MWCNTs are expected to exhibit some plasmonic resonance at 1550 nm, even those that have vastly different geometries and numbers of shells.
To drive the self-assembly process, a tapered fiber is used to couple 1550 nm laser light into a silicon waveguide. A solution of 0.05% multi-walled CNTs in heavy water is prepared and ultra-sonicated for 20 min prior to each experiment to disperse the nanotubes. 0.5% Tween 20 (SigmaAldrich) surfactant is also added to prevent aggregation of the nanotubes during the experiment. The CNT solution is delivered to the waveguide through a Parafilm (SigmaAldrich) microfluidic channel mounted on top of the chip. The evanescent light from the waveguide polarizes the CNTs in solution and attracts them via an optical gradient force. The CNTs are rotated perpendicular to the waveguide due to the optical torque generated by the electric field gradient, 16 as seen in Figs. 1(b)-1(e) . When the nanotubes are brought close enough by the optical force, strong hydrophobic interactions cause irreversible adsorption to the waveguide surface. The silicon waveguide can then be used to evanescently couple light into the metallic nanotube and excite plasmonic resonances which greatly amplify the local electric field gradients near its surface. This amplification enhances the strength of the optical gradient force, allowing for stable The predicted electric intensity along the major axis of the nanotube within the resonant evanescent field. (c) The intensity gradient along the major axis of the nanotube. The intensity gradient, proportional to the attractive optical force on a polarizable particle, is maximum just outside the two ends of the nanotube.
trapping of particles as small as 10 nm. A SEM micrograph of a self-assembled CNT trap is shown in Fig. 1(f) .
After assembling the CNT trap, we first confirmed the predicted plasmonic field enhancement of the MWCNTs by conducting optical trapping experiments with a non-uniform dispersity of carbon nanotubes under an infrared camera. After self-assembly onto the silicon waveguide, 1550 nm laser light was delivered into individual carbon nanotubes ranging in length from 3 to 10 lm with unknown shell structures. A strong resonance effect was observed for both short and long nanotubes, indicated by a high intensity infrared signal at the location of the nanotube and a strong attractive force on the other nanotubes in solution. When the same experiment was attempted replacing the metallic MWCNTs with 200 nm gold nanorods and 100 nm silver nanospheres (which do not have a near IR plasmonic resonance), the attractive force enhancement and high infrared intensity were not observed. Additional MWCNT experiments were also conducted on a hotplate without noticeable change in the attractive force, suggesting that the effect is indeed optical rather than purely thermal in origin.
After investigating the plasmonic characteristics of the MWCNT trap, we demonstrated its effectiveness for nearfield optical trapping. For these experiments, MWCNTs were immobilized one-by-one onto the waveguide surface to form a small cluster. A solution of tetramethylrhodamine isothiocyanate (TRITC)-tagged 520 nm polystyrene beads was flowed through the microchannel to be trapped. Fig. 3(a) shows the progression of a typical polystyrene bead trapping experiment over time at low power. After the beads are flowed into the channel, the 1550 nm laser is switched on. When a bead diffuses close enough to the resonant nanotube, the optical gradient force will attract it and hold it in a stable equilibrium position. Because the enhanced electric field extends along the surface of the micron-scale nanotubes, the CNT trap is able to stably hold many 520 nm beads at once. At low optical power input, the beads will be trapped near the nanotube ends on both sides of the waveguide, where the optical force is greatest (Figs. 3(a-ii) to 3(a-iv) ). If the laser is then switched off, the beads will diffuse back into solution (Fig. 3(a-v) ).
In addition to amplifying the evanescent field for stable particle trapping, the CNT trap can also be used for directed self-assembly of nanoparticle complexes. In a bulk electrolyte solution, colloidal particle dynamics are governed by the interplay between attractive van der Waals dispersion forces and repulsive electrical double layer forces. 17 In the absence of optical power input, the electrostatic repulsion between CNTs and other colloidal particles is often strong enough to prevent adsorption. For the optical trapping experiments in the previous section, the equilibrium position is determined by the balance between the electrostatic repulsion and the attractive optical gradient force. When the laser power coupled in is sufficiently high, however, the amplified optical gradient force can overcome this double layer repulsion and bring the two particles into close enough proximity for hydrophobic forces to dominate and adsorption to occur. By using the silicon waveguide to couple light into a CNT, the trap can be used to coat the surface of the CNT with a wide variety of organic and inorganic particles. CNTs coated with (i)-(iii) ) At high power, the beads surround the whole CNT surface ((iv) and (v)) Even when the laser is switched off, the innermost beads stay irreversibly bound to the surface. metallic beads have been investigated previously, both because of interesting optical resonance properties 18 and as a means to functionalize the CNTs for chemical 19 and biological sensing. 20 By delivering light with a silicon waveguide, these CNT/metal complexes can be created without prior chemical functionalization. As a demonstration of the potential for this type of assembly, we optically drive binding of both metallic and dielectric particles to the surface of the CNT enhanced traps.
To test the creation of CNT-dielectric nanoparticle structures, the polystyrene bead trapping experiments from the previous section were repeated at higher input optical powers. The progression of one such experiment is shown in Fig. 3(b) . A bundle of several CNTs was self-assembled on trap, and the bead solution was flowed into the channel. The input laser power is then increased, and the beads are attracted to the trap. Unlike the low power experiments where the beads are held only at the two ends, the beads now accumulate around the entire surface of the nanotube (Figs. 3(b-i) to 3(b-iii) ). When the laser is switched off, the outermost layer of beads diffuses into the solution, but the layer which was closest to the CNTs does not (Fig. 3(b-iv) ). This surface coating of polystyrene beads is irreversibly bound to the carbon nanotubes, and remains indefinitely even in the absence of optical power (Fig. 3(b-v) ).
Because the resonant electric field is non-uniform across the CNTs, optical surface coating does not have to be an allor-nothing process. For mid-range optical powers, it is also possible to bind particles only at the locations along the rod where the intensity gradient is highest. To show this, we demonstrate the selective assembly of CNT-metallic hybrid nanoparticle structures using 100 nm silver beads. After the assembly of the CNT trap, the microchannel is then used to deliver a 0.01 mg/lL solution of 100 nm silver nanospheres. In the absence of optical power, no binding is observed between the silver and CNTs for over 30 min at this concentration. When the 1550 nm laser light is activated, the plasmonic resonance generates an attractive force and the nanospheres bind to the CNT, provided the power is high enough. The silver bead solution is left with the power on for at least 5 min to allow time for multiple binding events. For a single MWCNT, we would expect nanoparticles to bind most easily at the end of the nanotube. Fig. 4(a) shows an SEM micrograph of two silver beads which bound near the end of a single MWCNT during an experiment, supporting this hypothesis.
It is also illustrative to consider the assembly characteristics of a cluster of more than one nanotube. Because of the tendency of CNTs to aggregate when brought into close proximity, it is possible to use the evanescent field to assemble two or more CNTs into a complex geometry with different plasmonic characteristics. In such a system, two intersecting nanotubes might act as a nano-antenna, amplifying the electric field in the nanoscale gap between them to be much stronger than at the end of a single rod. To investigate this possibility, CNT traps were assembled with two or three nanotubes each, and additional silver nanosphere experiments were conducted with these multi-tube traps. The results of three representative multi-CNT experiments are shown in Figs. 4(b)-4(d) . In each case, we observe preferential binding of the Ag nanospheres at the intersection points, confirming that the electric intensity gradient is enhanced at these locations. By leveraging this fact, the optical trapping and binding forces can be used to assemble more complicated nanoparticle structures (e.g., Fig. 4(d) ). By carefully controlling the positions and orientations of the particles in solution, it would also be possible to direct the assembly of specific nanostructures with a predictable geometry.
Although there have been great advances in recent years in both plasmonic and photonic molecular nanotweezers, we believe there exists a need for a system which combines unique benefits of each approach. By using a combination of plasmonically active MWCNTs and silicon nanophotonic waveguides, we have demonstrated a plasmonic trap built on-chip with directed self-assembly. The CNT trap operates at 1550 nm in the standard telecommunications C-band; moreover, in contrast with photonic resonators such as 1D and 2D photonic crystals, the silicon waveguides used could be fabricated with standard CMOS-compatible photolithography. By exciting the plasmonic resonances of MWCNTs, these structures can be used both to attract and trap small molecules, and also to study and manipulate the interactions of carbon nanotubes with other materials at the nanoscale. We envision that the optically driven surface adsorption employed could be used in the future to build complex nanoparticle structures and functionalize them for specific biological applications, as part of the evolving paradigm of assembling nanoscale systems from the bottom up. (d) ) For more complicated multiple-CNT geometries, silver beads are found to bind both at the ends of the rods, and also at the intersection points between two or more rods.
